Abstract A novel TiO 2 coated haematite photocatalyst was prepared and used for removal of colored humic acids from wastewater in an UV bubble photocatalytic reactor. XRD analysis confirmed that nano-size anatase crystals of TiO 2 were formed after calcination at 480°C. SEM results revealed that nano-size particles of TiO 2 were uniformly coated on the surface of Fe 2 O 3 to form a bulk of nano-structured photocatalyst Fe 2 O 3 /TiO 2 . The porous catalyst had a BET surface area of 168 m 2 /g. Both the color and total organic carbon (TOC) conversion versus the residence time were measured at various conditions. The effects of pH value, catalyst loaded, initial humic acid concentration and reaction temperature on conversion were monitored. The experimental results proved that the photocatalytic oxidation process was not temperature sensitive and the optimum catalyst loading was found to be 0.4 g/l. Degradation and decolorization of humic acids have higher efficiency in acidic medium and at low initial humic acid concentration. The new catalyst was effective in removing TOC at 61.58% and color 400 at 93.25% at 180 minutes illumination time and for 20 mg/l neutral humic acid aqueous solution. The kinetic analysis showed that the rate of photocatalytic degradation of humic acids obeyed the first order reaction kinetics.
Introduction
Humic acids in water are harmful compounds with a complex nature composed of carboxylic, phenolic and carbonyl functional groups. These substances cause a brown-yellow color in water and are known to be the precursors of carcinogenic halogenated compounds formed during the chlorination disinfection of drinking water. The traditional treatment methods for the removal and degradation of humic acids, such as adsorption, coagulation, ion-exchange, super chlorination, ozonation and biological degradation, have their own limitations due to the cost and secondary pollution, etc. (Naumczyk et al., 1989; Benoit et al., 1993; Zhou and Banks, 1993; Jucker and Clark, 1994) . However, photocatalytic oxidation (PCO) as a clean production process has a significant advantage in treatment of humic acids. In recent years PCO technology with TiO 2 powders as catalyst was investigated in the degradation and decolorization of humic substances in natural and wastewaters (Bekbolet and Ozkosemen, 1996; Eggins et al., 1997) . This technology simply requires oxygen, photocatalyst and UV light, thus reducing or preventing secondary pollution. However commercial TiO 2 (Degussa P25) is a fine powder (25-30 nm) . Its small size makes it difficult to be cost-effectively separated from treated water for reuse. Another drawback of commercial TiO 2 powder is that it easily agglomerates and loses its catalytic activity in aqueous solution. Therefore the development of a novel photocatalyst became one of the research areas in great demand for the PCO process. Some studies were carried out by coating TiO 2 on support materials such as glass beads, sand, glass fibre, activated carbon, silica gel, reactor walls etc. using different coating technology (Pozzo et al., 1997) . However photocatalytic efficiency was decreased due to mass transfer limitation or UV light scattering and shielding phenomena. Improving the recovery rate of photocatalyst while maintaining its activity became the aims of some researches (Ding et al., 2000; Beydoun et al., 2000) . Some researchers modified photocatalyst for extending its light absorption to the visible portion of the solar spectrum and utilizing more of the available solar irradiation (Alfano et al, 2000; Litter, 1999) . Considerable attention was focused on study of Fe III -doped titanium dioxide to improve the photocatalytic efficiency of TiO 2 (Litter and Navio, 1996; Ranjit and Viswanathan, 1997; Wang et al., 2000) .
In this paper, TiO 2 coated on Fe 2 O 3 to form a photocatalyst was prepared and PCO technology using TiO 2 /Fe 2 O 3 as catalyst was investigated for degradation of humic acids in water. The research focuses on overcoming the problem of catalyst separation by coating nanosize TiO 2 on haematite particles while maintaining its activity for degradation of humic acids in water. The purpose of using haematite is to increase the efficiency of photocatalytic reaction by increasing the adsorption capacity of molecular oxygen and pollutants on the catalysts for better electron transfer and by reducing electron/hole recombination. Surface properties of the catalyst were measured and their relation with activity expressed. Preliminary investigations such as the effects of catalyst loading, pH value, initial concentration and reaction temperature on conversion of humic acids were demonstrated by TOC and Color 400 data and kinetic analysis was given out.
Experiment and methodology
Humic acids were obtained from Fluka Chemical. The titanium butoxide (Tetra-n-butyl Orthotitanate) supplied by Tokyo Kasei Kogyo Co. Limited, Japan is of analytic grade. All the other chemicals are of reagent grade. Oxygen (99.98%) and nitrogen (99.9995%) cylinders were supplied by Singapore Oxygen Air Liquid Pte and Messer Singapore Pte Ltd respectively.
The catalyst particles of TiO 2 catalyst coated onto haematite were prepared by the sol-gel method. The iron hydroxide was prepared by the forced hydrolysis of an iron (III) chloride solution. The coating process was carried out by the controlled hydrolysis of titanium (IV) butoxide in ethanol. The iron hydroxide particles were first dispersed in ethanol, after which an appropriate amount of water was added with vigorous magnetic stirring. Then a separate volume of titanium butoxide ethanol solution was rapidly added with vigorous magnetic stirring. The reaction mixture was aged in an ultrasonic bath at a constant temperature of 80°C for 6 hours, and then immediately cooled in an ice bath to stop reaction. The wet iron hydroxide particles coated with TiO 2 were separated by centrifugation, washed three times with ethanol and twice with water. The particles were dried overnight at 50°C and the dried particles were calcined at 480°C for 6 hours. The structure of TiO 2 was changed from amorphous to anatase in crystal form while iron hydroxide changed to haematite.
A concentrated humic acids solution was prepared by mixing 4 grams humic acids and 50 ml 1 mol l -1 NaOH in approximately 1.5 litres of pure water for at least 30 minutes with a magnetic stirrer. When completely mixed, the solution was diluted to 2 l in a volumetric flask. The solution was filtered through a 0.45 µm membrane filter. The concentrations of humic acid used in this study were obtained by diluting this concentrated solution.
For scanning electron micron microscopy (SEM) analysis, the instrument used in this study was a Leica Steroscan 420 produced by Leica Cambridge Ltd. A Siemens powder x-ray diffractometer (XRD) analyzer was used to detect the crystallite phase of the catalyst. The peak area was quantitatively measured to calculate phase concentrations and size. The BET surface areas and pore size distribution of particles were measured by nitrogen adsorption/desorption using Quanta Chrome (USA) Autosorb-1. Total organic carbon (TOC) was analyzed using a Shimadzu (Japan) TOC Analyzer (TOC 5000). The optical absorption spectra on the humic acids were determined by a Perkin Elmer (USA) Lambda Bio 20 spectrophotometer. The absorbency at 400 nm was selected for quantitative analysis of color.
The catalytic activity was assessed in a suspended PCO reactor system. The annular reactor consisted of a reaction chamber and UV lamp. The chamber is encompassed by a double glass cooling jacket (o.d. 70 mm for the outer wall, i.d. 50 mm for the inner wall and a high of 350 mm). A medium-pressure mercury lamp (12W) with major emission wavelength set at 253.7 nm was suspended vertically in the middle of the reactor as a UV source. The reactor was fitted with a gas diffuser at the bottom of the chamber for diffusing the gaseous mixtures (O 2 /N 2 ). The reactor volume was 0.8 l. Two mass flex microcessor pumps were used for supplying the reaction solution and cooling water to the reactor at controlled flow rates. The solution containing photocatalyst particles was placed in the annulus between the UV lamp and the Pyrex cylinder. Mixture gases (O 2 /N 2 ) were bubbled upwards through the air diffuser. The reaction temperature was kept constant by the recirculation water in the cooling jacket. The desired pH value of the reaction was adjusted by using HCl and NaOH solutions with a calibrated pH meter before the reaction started. Before the lamp was turned on, the catalyst suspension was forced to circulate in the reactor system for half an hour to obtain a homogeneous mixture. The samples were collected each half an hour and filtered through a 0.45 µm membrane before analysis by TOC analyzer and spectrophotometer.
Results and discussion
The XRD analysis result for the catalyst sample is shown in Figure 1 . The peak at 2θ = 25.3°i s the anatase crystal phase while peaks at 2θ = 33.1°and 35.6°are the haematite phase. The peak area was quantitatively measured to calculate phase compositions. The results revealed that the percentage composition of anatase phase in the catalyst was 85.4% by weight while the composition of haematite phase was 14.6%. The crystallite size calculation showed that the particle size of anatase in catalyst was 17.3 nm. Figure 2 shows the SEM surface morphology of the TiO 2 /Fe 2 O 3 catalysts. It shows that the nano-size TiO 2 balls layer was uniformly coated on the surface of Fe 2 O 3 , which was beneficial for the photocatalytic reaction because the photocatalytic reaction was carried out on the external surface of the catalyst by exciting reactants using UV light and the nanostructured catalyst could provide a more effective surface for reactants adsorption and UV light absorption.
The BET analysis result measured by nitrogen ads/desorption method revealed that the porous catalyst had a surface area of 168 m 2 /g, which is three times higher than commercial TiO 2 powder (~50 m 2 /g). The large surface areas of the photocatalyst provided more space for the adsorption of molecular oxygen and humic acids, enriched them on the TiO 2 surface and enhanced the electron migration to the TiO 2 surface. Therefore PCO degradation rate of humic acids on the TiO 2 /Fe 2 O 3 catalyst surface was raised based on adsorption/desorption equilibrium of humic acids and oxygen. The catalyst was utilized to degrade humic acids in an UV bubble photoreactor to demonstrate its reaction activity. Figures 3a and 3b show the removal rates of humic acids in terms of TOC and color 400 removal efficiency versus irradiation time with different catalyst loading at pH 7 and 28°C. It is clear that increasing the catalyst loading from 0.2 g/l to 1.0 g/l did affect the percentage removal rates of color 400 and TOC. In the first stage, increasing the catalyst loading resulted in an increase in active sites. Furthermore, the removal efficiency decreased by increasing the catalyst loading. It appeared that as the catalyst loading became greater than 0.4 g/l, there were UV light scattering and shielding and particle agglomeration as the number of particles in solution increased. It can also be seen that increasing the illumination time resulted in higher TOC and color 400 removal. The TOC and color 400 removal (initial concentration at 20 mg/l humic acids) were up to 61.58% and 93.25% respectively at 180 minutes UV illumination time with 0.4 g/l catalyst loading.
The TOC and color 400 removal efficiencies of humic acids at the initial concentration of 20 mg/l and constant temperature of 28°C with various pH conditions are shown in Figures  4a and 4b . It can be seen that at pH 3, the efficiency for TOC and color 400 removal is 82.18% and 97.67% respectively at three hours illumination time. Although pH value affected the color removal slightly, TOC removal was affected significantly. The removal efficiencies under acidic conditions were much higher than under alkaline conditions.
The effect of initial humic acid concentrations on TOC and color 400 removal efficiencies is shown in Figures 5a and 5b . The investigation was carried out for humic acid concentrations of 20.0, 36.0, 44.9 and 64.5 mg/l at 0.4 g/l constant catalyst loading, 28°C and pH 7. Experimental results in Figures 5a and 5b indicate that the removal percentages decreased as the initial concentration of humic acids was increased. The possible reasons are that the photocatalytic reactions occur on the surface of the catalyst and further increases in humic acid concentrations cannot increase the catalytic active site number. Furthermore, extra humic acids obstruct the irradiation of UV light on the catalyst surface, which might decrease the removal efficiency.
The effect of reaction temperature on the PCO degradation of humic acids is shown in Figures 6a and 6b. The experiments were carried out at 10, 28 and 50°C respectively but the same initial humic acid concentrations at 20.0 mg/l, catalyst loading at 0.4 g/l and pH 7. This revealed that removal efficiency increased with increasing temperature. The reasons are that the collision frequency of molecules on the surface of the catalyst and the fraction of the molecules where energies were in excess of the reaction activation energy increases. However, the overall process of photocatalysis was not very temperature sensitive.
The kinetics of photocatalytic degradation of humic acids in water can be expressed in terms of pseudo first order equation:
(1) k is a pseudo first order rate constant. Corresponding half-life value is expressed as the following:
(2) By plotting ln(C o /C) versus time the first-order rate constant k is obtained from the slope of the straight line. The results are listed in Table 1 . The correlation coefficients in all cases are larger than value 0.97. The change tendency of the calculated half-life values is consistent with the experimental observation. Table 2 lists the kinetic analysis results of reactions at temperatures 10, 28 and 50°C. It reveals that the higher reaction rate constants accompanied by the higher temperatures was consistent with the experimental observations in Figures 6a and 6b . The relationship between reaction rate constant and temperature can be correlated by the Arrhenius equation: 0.693 = where k is rate constant (min -1 ), E a is activation energy (J/mol), T is temperature (K), A is pre-exponential factor, R is gas constant (8.314J/mol K). Plotting ln k with 1/T are straight lines, and E a for TOC and color 400 , 6.556 and 7.307 kJ/mol, can be calculated from their slopes. Obviously, E a values are similar to adsorption energy in quantitative degree and smaller than that of ordinary thermal reactions. Therefore, it is clear that the photocatalytic reaction is less temperature dependent and there is no need for a heat supply system in the PCO processes.
Conclusion
A UV bubble photoreactor for the PCO process with novel TiO 2 coated haematite catalyst has been developed to treat humic acids in wastewater. XRD analysis showed that nanosize crystals were produced on Fe 2 O 3 particles by calcination at 480°C. SEM results revealed that nano-size TiO 2 was uniformly coated on the surface of Fe 2 O 3 as a catalytic layer to form a bulk photocatalyst, TiO 2 /Fe 2 O 3 . The porous catalyst had a higher BET surface area of 168 m 2 /g, which was beneficial to PCO reaction because it enables more molecular oxygen and humic acids to be adsorbed on the catalyst surface and thus provide a better electron transfer by reducing electron/hole recombination. The experimental results indicated that the suspended TiO 2 /Fe 2 O 3 catalyst in a bubble photo reactor was effective in removing TOC at 61.58% and color 400 at 93.25%. An optimum catalyst loading was found to be 0.4 g/l. Degradation and decolorisation of humic acids have higher efficiency in an acidic medium. The experimental results proved that degradation efficiencies increased as initial humic acid concentrations decreased and reaction temperature increased. A preliminary investigation of the reaction kinetics shows that photocatalytic oxidation degradation of humic acid follows the pseudo-first-order reaction kinetics and is not temperature sensitive. 
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